Abstract: Ankylosing spondylitis (AS) is the most common and most severe subtype of spondyloarthritis. It also may be an outcome of any of the other spondyloarthritis subtypes. AS preferentially affects the sacroiliac joints and the tip of the column, with a tendency to later ankylosis. Peripheral joints, enthesis, and other extra-articular involvement may be observed. Tumor necrosis factor (TNF) inhibitors are now well-established, effective drugs in the treatment of AS symptoms. Adalimumab, which is a fully human monoclonal antibody that binds to and neutralizes TNF, has demonstrated efficacy in treating AS symptoms, including axial involvement, peripheral arthritis, enthesitis, uveitis, gut involvement, and psoriasis. Furthermore, adalimumab has showed an overall acceptable safety profile. In this paper, we review the efficacy and safety profile of adalimumab in the treatment of AS, and discuss its differences from the other anti-TNF drugs reported in the literature.
Introduction
Ankylosing spondylitis (AS) is a chronic rheumatic disease which affects frequently the axial skeleton, the peripheral joints, and the entheses. AS is the major subtype of the spondyloarthritides (SpA), a group of inter-related disorders that share features, including inflammatory back pain, asymmetrical oligoarthritis of the lower limbs, enthesitis that sometimes leads to ankylosis, and specific organ involvement (uveitis, bowel disease, psoriasis, lungs interstitial fibrosis, etc). The group is strongly genetically linked to the presence of the human leukocyte antigen B27 (HLA-B27) antigen.
Around the middle of the 1990s, it was shown that tumor necrosis factor (TNF)-α, a proinflammatory cytokine, was overexpressed in the sacroiliac joints of patients with AS. 1 Knowledge of the role of TNF has provided a strong rationale for the design and use of anti-TNF drugs in AS. The TNF inhibitors have moved up the SpA treatment ladder primarily because they can control axial inflammation, along with the wide spectrum of manifestations in other domains, including the skin, peripheral joints, entheses, tendons, eye, and gut.
The primary target of treatment is remission of the disease or, at least, if this is not possible, a state of low disease activity, improving the symptoms and preventing structural damage. 2 The Assessment of SpondyloArthritis International Society (ASAS) recommends use of TNF inhibitors in patients with AS, if they have active disease and have not improved with conventional treatment. 3 Five anti-TNF agents are currently approved for spondyloarthritis, including four monoclonal antibodies (ie, infliximab, adalimumab, certolizumab pegol, and golimumab) and a soluble TNF receptor, etanercept. [4] [5] [6] Adalimumab (Humira ® ; Abbott Laboratories, Abbot Park, IL, USA), a fully human monoclonal antibody that binds to and neutralizes TNF, is approved for the treatment of AS, psoriatic arthritis, rheumatoid arthritis, psoriasis, juvenile idiopathic arthritis, and Crohn's disease in many countries. Large, randomized, placebo-controlled clinical trials in patients with AS have shown impressive short-term improvements in spinal pain, function, and inflammatory markers with adalimumab, when self-administered subcutaneously every other week. Long-term studies have demonstrated the sustained efficacy of adalimumab, with a safety profile comparable with that of other anti-TNF agents.
In this review, we discuss the results of the major adalimumab clinical trials, as well as observational studies in AS. However, we did not systematically review the literature, or formally assess the quality of the selected studies.
Pharmacology of adalimumab
Adalimumab is a full-length, bivalent, monoclonal immunoglobulin G1-kappa isotype (IgG1-κ) antibody with a molecular weight of 150 kD, which specifically targets TNFα, both soluble (sTNFα) and membrane-bound (mTNFα). It has been developed with a phage display technique and produced in a Chinese hamster ovarian cell line. It is constituted from completely human IgG1-κ sequences and is indistinguishable from human IgG1. 7 The main mechanism of action for adalimumab is that of blocking the interaction of TNFα with the p55 and p75 cell surface TNF receptors. Adalimumab binds to sTNFα molecules (which have the potential to form multimeric complexes), which prevent sTNFα from binding to the natural TNFα receptors. Alternatively, it binds to mTNFα molecules, which have the potential to cross-link and reverse intracellular signaling. The efficacy of adalimumab is mediated through different mechanisms: it may neutralize sTNFα and mTNFα directly, induce apoptosis and suppress cytokines through reverse mTNFα-mediated signaling, and induce antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity, directed against cells expressing mTNFα. After a single subcutaneous injection of 40 mg, to healthy adults, the absorption of adalimumab is slow, with a maximal serum concentration of 4.7±1.6 µg/mL, attained after 131±56 hours. The average absolute bioavailability is 64%. 8 The drug is considered stable for up to 24 months at 2°C−8°C. The terminal half-life is about 2 weeks (range 10-20 days), after a 40 mg dose, and the total body clearance is 0.18-0.27 mL/minute.
Efficacy of adalimumab in AS Efficacy outcome measures used in the studies
Disease activity, physical function, and mobility are usually evaluated in patients with AS using the Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), 9 Bath Ankylosing Spondylitis Functional Index (BASFI), 10 and Bath Ankylosing Spondylitis Metrology Index (BASMI), 11 respectively. In 2001, the ASAS developed new outcome measures and recommended their use in trials of symptom-modifying therapy. 12 The ASAS 20 improvement criteria summarize changes in four domains: physical function, pain, patient global assessment, and inflammation. A positive response is defined as 20% or greater improvement and a net improvement of one unit on a ten-unit scale, in each of three domains, with no worsening in the fourth. An ASAS 40 response is defined as $40% improvement of at least two units in each of three domains, with no worsening in the fourth. Other outcome measures include: ASAS Partial Remission (PR), defined as a score less than two units in each domain, and ASAS 5/6, defined as 20% improvement in five of six domains, adding C-reactive protein and lateral vertebral flexion. More recently, the ASAS, by analogy to rheumatoid arthritis, validated the Ankylosing Spondylitis Disease Activity Score 13 (ASDAS), which includes C-reactive protein and some questions from the BASDAI. This score showed a highly discriminatory capacity for assessing disease activity in AS. 
Efficacy in AS
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Efficacy and safety of adalimumab in ankylosing spondylitis although, due to low patient numbers, the difference did not reach statistical significance. Efficacy was also demonstrated for enthesitis, using the Maastricht Ankylosing Spondylitis Enthesitis Score 15 (2.7 versus 1.3; P=0.02). The differences in outcome scores were maintained throughout the duration of the trial (24 weeks).
In 2009, Rudwaleit et al reported the results of a 12-week adalimumab treatment in 1,250 patients with active AS, in a multinational, open-label study. Patients achieved BASDAI 50, ASAS 40, and ASAS PR in 57.2%, 53.7%, and 27.7% of cases respectively. The researchers identified four factors that were strongly associated with BASDAI 50, ASAS 40, and ASAS PR responses: younger age, elevated CRP levels, presence of HLA-B27, and anti-TNF naïvety. 16 Lambert et al, 17 in a randomized, double-blind, placebocontrolled trial of patients with active AS, studied the efficacy of adalimumab in reducing spinal and sacroiliac (SI) joint inflammation, using magnetic resonance imaging (MRI). Spinal and SI joint inflammation were assessed using the Spondyloarthritis Research Consortium of Canada (SPARCC) MRI index. The spine SPARCC score decreased in patients taking adalimumab, while it increased in the placebo group (mean decrease of 53.6% versus mean increase of 9.4%, from baseline, respectively; P,0.001). The SI joint SPARCC score also decreased significantly from baseline, in both groups (mean 52.9%, in adalimunab group, versus 12.7%, in placebo group; P=0.017). The response in the adalimumab group was maintained at week 52. Another recent, randomized, controlled trial has shown obvious improvement in MRI inflammation measurements (significant decrease in lumbar spine and SI joint SPARCC scores) in active patients with AS, treated with adalimumab for 12 weeks. 18 Another open-label study of adalimumab in AS used a semiquantitative approach to scoring SI joint inflammation (0-12 scoring range), but did not show a significant change in MRI score after treatment, compared with baseline, which may reflect the small sample size and/or lack of responsiveness of the scoring system. 19 Recently, Huang et al evaluated adalimumab in a sample of 344 Chinese patients with AS, in a randomized, controlled trial. At week 12, adalimumab resulted in a significantly greater percentage of ASAS 20 responders than placebo (67.2% versus 30.4%, respectively; P,0.001). The percentages of patients achieving ASAS 40, ASAS 5/6, and ASDAS inactive disease were significantly greater with adalimumab than placebo, at week 12 (P,0.001, for all comparisons). 20 
Quality of life
The symptomatic and structural severity of AS is responsible for substantial functional limitations and impairment 
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Efficacy in extra-articular manifestations
Prevalence and severity of extra-articular involvement of AS vary widely across the studies. The most common manifestations are uveitis, bowel disease, lung, heart, skin, bone, and kidney involvement. 25 Adalimumab has shown its effectiveness in reducing acute uveitis flares in patients with AS. 26 The efficacy of TNF inhibitors in reducing acute uveitis flares was confirmed in a retrospective study of patients with SpA, which demonstrated a clear difference between etanercept and the anti-TNF antibodies (infliximab and adalimumab). 26 While the incidence of uveitis did not change with etanercept (54.6/100 patient-years [PY] versus 58.5/100 PY; P=0.92), it was significantly decreased with the anti-TNF antibodies (Infliximab: 47.4/100 PY versus 9.0/100 PY; P=0.008. Adalimumab: 60.5/100 PY versus 0/100 PY; P=0. 04 ). An open-label study demonstrated that adalimumab may decrease the flare rates by 50% in patients with AS (n=1,250). 27 Nine trials were evaluated in a meta-analysis 28 of trials of TNF inhibitors in AS patients (1,130 patients included in seven placebo-controlled and two open-label trials), which evaluated the incidence of flares or new onset of inflammatory bowel disease (IBD). The incidence rates for flares or new onset of IBD during treatment with adalimumab and placebo were 2.3/100 PY and 1.3/100 PY, respectively. Infliximab showed a significant superiority over etanercept (P=0.001) and adalimumab (P=0.02), while no significant difference between placebo and the TNF inhibitors could be shown. Furthermore, in AS patients with a history of IBD flares, the recurrence of flares was significantly greater with etanercept (RR ×18) and adalimumab (RR ×4.2) than with infliximab. However, it is worthy of note that data with adalimumab were quite limited, due to the lower total period of exposure (132.3 PY versus 618 PY, for infliximab, and 625.4 PY, for etanercept). An open-label study with adalimumab (n=1,250) found that of the 4.7% of patients who had symptomatic IBD at baseline, 20% reported no IBD interference in the past 7 days at baseline, and 48% reported this response at 12 weeks. Moreover, it is recommended to administer adalimumab at an initial 'induction' dose of 80 mg, when given for Crohn's disease. 29 However, in ulcerative colitis, the efficacy of adalimumab is still unclear. Although the scientific basis remains uncertain, 8 several hypotheses have been advanced to explain the difference in clinical efficacy profiles. It has been suggested that pharmacokinetic differences (ie, differences in the abilities to achieve adequate serum concentrations) may play a role. The differences in tissue penetration (ie, differences in ability to achieve therapeutic concentrations in inflammatory microenvironments) may be another explanation. Finally, mechanistic differences (ie, differences in ability to bind to TNF and induce therapeutic effects) have been pointed out. 30 Adalimumab is registered for treating psoriasis and psoriatic arthritis, with similar reported efficacy to infliximab and etanercept. [31] [32] [33] [34] However, it is noteworthy that 1.5%-5% of patients treated with TNF inhibitors may present a paradoxical onset or exacerbation of psoriasis during treatment. 35 
Efficacy on non-radiographic axial spondyloarthritis
Recently, the ASAS group published new classification criteria for axial spondyloarthritis, including patients with and without radiographic sacroiliitis. 36 A multicenter study in patients with axial SpA, called ABILITY-1, 37 demonstrated the efficacy of adalimumab in patients with non-radiographic axial SpA, with ASAS 20 and ASAS 40 response rates significantly higher at week 12, in patients taking adalimumab, compared with placebo (52% versus 31%, and 36% versus 15%, respectively). Furthermore, adalimumab efficacy was also found to be significant when other composite measures were used (ie, ASAS 70, ASAS 5/6, BASDAI 50, ASDAS, and clinical remission). Significant improvements in objective measures of inflammation were observed (ie, CRP and the SPARCC MRI scores, for both SI joints and spine). In another randomized, controlled trial of 46 patients with non-radiographic axial SpA, adalimumab showed significantly better ASAS 40 responses at week 12, compared with placebo. 38 
Long-term use
In a chronic disease such as AS, it is essential to know whether and how much the treatment agents maintain their safety and efficacy over time. In this regard, several studies have confirmed that TNFα antagonists maintain their safety and efficacy for years in patients with AS. Among 125 patients who received 5 years of adalimumab (in an open-label, 5-year follow-up of patients from the ATLAS study), results showed that 70%, 77%, 51% and 61% achieved ASAS40, BASDAI 50, ASAS partial remission and ASDAS inactive disease, Open Access Rheumatology: Research and Reviews 2014:6 submit your manuscript | www.dovepress.com
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Efficacy and safety of adalimumab in ankylosing spondylitis respectively. 39 A randomized, controlled trial of adalimumab in non-radiographic axial spondyloarthritis also suggested that younger age was associated with clinical outcome parameters after 1 year of treatment. 38 Arends et al studied antibody formation against TNFα inhibitors in 60 AS patients. 40 The study found antibodies in 30% of 20 patients receiving adalimumab. It is worthy of note that the presence of antibodies was associated with loss of efficacy and early discontinuation of the anti-TNF therapy.
Efficacy on radiographic progression
TNF inhibition has no demonstrated effect on spinal bone formation in patients with AS. Most of the studies that evaluated radiographic progression used the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) method. 41 The comparison between radiographic progression in patients with AS treated with adalimumab for 2 years versus patients with AS studied in a separate, historical control group (OASIS cohort), treated with conventional non-biologic therapy, did not detect any difference in mSASSS. 42 Moreover, even when the analysis included only the subset of OASIS patients who satisfied the minimum baseline disease activity requirements of the adalimumab studies, no difference was observed. Similarly, many studies reported that neither etanercept 43 nor infliximab 44 inhibits spinal bone formation in patients with AS after 2 years of treatment. No evident hypothesis has emerged to explain why TNF inhibition therapy does not appear to stop structural progression in patients with AS. Preventing the progression of structural damage of the spine is an important goal in the treatment of AS. As pointed out in a recent editorial, 45 there are two theories regarding formation of syndesmophytes in AS. One theory postulates that inflammation and osteoproliferation are related. Another theory suggests that inflammation and repair are uncoupled phenomenons. If inflammation is indeed the principal trigger of repair responses, a strong case can be made for early and/ or prolonged treatment with anti-TNF drugs. The question of whether anti-TNF agents can interfere with new bone formation in AS is difficult to answer. Previous studies have compared patients treated with anti-TNF drugs, and whose available spine radiographs had been obtained over a similar period of time. Recently, Haroon et al reported the results of an observational study addressing the effect of anti-TNF agents on radiographic progression in AS. 46 This study has shown a protective effect of TNFα inhibitors on radiographic progression in AS. TNFα inhibitors are most effective when started sufficiently early in the disease course, and when treatment is sustained for a longer period of time.
Smoking and baseline levels of inflammation continue to be important risk factors, and radiographic damage at baseline remains the strongest predictor of future radiographic progression in AS. This study has used a new definition of radiographic progression. It is the first time that patients with radiographic disease progression have been defined by a rate: an increase in the mSASSS of 1 unit/year. This is not the same as the previously used definition; a minimum increase of 2 mSASSS units over 2 years. It is a questionable definition, because it assumes a linear progression in the mSASSS at the individual level, which is often not the case.
Machado 45 has stated that it is yet to be conclusively demonstrated that anti-TNF agents can have a protective, structural effect, especially if started very early in the disease process, or if given for long periods of time, with effective suppression of inflammation. The controversy continues, and these intriguing questions will continue to challenge the spondyloarthritis scientific community.
Efficacy as second-line anti-TNF therapy
Studies assessing the efficacy of adalimumab in AS patients who have failed to respond to previous TNF inhibitors are scarce. In a large retrospective study of 1,619 AS patients on TNF inhibitors, where 38 (2.34%) switched to adalimumab after failing etanercept or infliximab, the survival curves for adalimumab, as a second biologic agent, were significantly better than the survival curves for these patients on their first anti-TNF drug (P,0.0001), regardless of the reason for switching. 47 Rudwaleit et al 48 reviewed the efficacy of adalimumab in patients with spondyloarthritis who had previously been treated with one or two other TNF antagonists. This study showed that, after 12 weeks of adalimumab, patients with AS who had switched from infliximab, etanercept, or both experienced clinically important improvements of their disease. However, the response rates were globally lower than those for patients without prior anti-TNF therapy (ASAS 40 and BASDAI 50 response rates were 37.7% and 40.8% versus 59.3% and 63.0%, respectively). These results are not surprising, and resemble what has already been observed in patients with rheumatoid arthritis treated with adalimumab as the second or third TNF inhibitor.
Safety of adalimumab in AS
A systematic review and meta-analysis was performed recently by Wang et al, to assess the efficacy and safety of adalimumab treatment in patients with AS. 49 It showed that the rates of any adverse event or injection-site reaction were significantly lower in the adalimumab group versus placebo 50 with the objective to analyze the long-term safety profile of adalimumab. Across all six therapeutic indications, serious infectious events (SIEs) were the most frequently reported serious adverse event. However, in patients with AS, no SIE rate exceeded 0.2/100 PY. No active tuberculosis or serious opportunistic infections were reported (Table 2 ). Since latent tuberculosis infection screening and prophylaxis were implemented in 1998 and 1999, respectively, the rate has decreased from 1.5/10 PY to 0.2/100 PY. The incidence rates of serious new onset or worsening of psoriasis was very low, at ,0.1 events/100 PY. Regarding the other classical adverse events with TNF inhibitors, the incidence rates of demyelinating disorders, lupus-like syndrome, and congestive heart failure, across all indications, were #0.1 events/100 PY. Rates of malignancies, across all indications, were 0.7 events/100 PY (excluding lymphoma and nonmelanoma skin cancer), 0.1/100 PY, for lymphoma, and 0.2/100 PY, for nonmelanoma skin cancer. Moreover, the observed number of deaths in patients treated with adalimumab, in rheumatoid arthritis, AS, and psoriasis clinical trials was less than expected in an age-and sex-matched population, while it was similar in patients with psoriatic arthritis and Crohn's disease. 49 The main limitation of this review is that we did not systematically check the medical literature with prespecified inclusion criteria and quality control of the selected studies. However, the objective was to review the efficacy and safety of adalimumab in AS in a global way, whatever the design of the studies. Another limitation is that data extracted from randomized, controlled trials correspond to patients included in the adalimumab clinical trial programme, with specific inclusion and exclusion criteria. Thus, the study population was likely healthier than the wider, general patient population, with fewer comorbidities, which might have resulted in better efficacy results. Moreover, they were closely monitored at regular scheduled visits, which might have resulted in detection bias for adverse events.
Conclusion
Data from randomized clinical trials and open-label extension studies show that adalimumab is an effective treatment in patients with AS. A benefit of improved clinical outcomes is reported in many manifestations of the disease, including axial involvement, peripheral arthritis, enthesitis, uveitis, gut involvement, and psoriasis. Moreover, the efficacy of adalimumab in patients who have failed to respond to previous biologics has been evaluated in a few studies, and reported good clinical response rates. Similarly to the other anti-TNF agents, no effect on structural progression has been demonstrated, and long-term studies have showed an acceptable safety profile.
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